NASA STI Program . . . in Profi le
Since its founding, NASA has been dedicated to the advancement of aeronautics and space science. The NASA Scientifi c and Technical Information (STI) program plays a key part in helping NASA maintain this important role.
The NASA STI Program operates under the auspices of the Agency Chief Information Offi cer. It collects, organizes, provides for archiving, and disseminates NASA's STI. The NASA STI program provides access to the NASA Aeronautics and Space Database and its public interface, the NASA Technical Reports Server, thus providing one of the largest collections of aeronautical and space science STI in the world. Results are published in both non-NASA channels and by NASA in the NASA STI Report Series, which includes the following report types:
• TECHNICAL PUBLICATION. Reports of completed research or a major signifi cant phase of research that present the results of NASA programs and include extensive data or theoretical analysis. Includes compilations of signifi cant scientifi c and technical data and information deemed to be of continuing reference value. NASA counterpart of peer-reviewed formal professional papers but has less stringent limitations on manuscript length and extent of graphic presentations.
• TECHNICAL MEMORANDUM. Scientifi c and technical fi ndings that are preliminary or of specialized interest, e.g., quick release reports, working papers, and bibliographies that contain minimal annotation. Does not contain extensive analysis.
• CONTRACTOR REPORT. Scientifi c and technical fi ndings by NASA-sponsored contractors and grantees.
• CONFERENCE PUBLICATION. Collected papers from scientifi c and technical conferences, symposia, seminars, or other meetings sponsored or cosponsored by NASA.
• SPECIAL PUBLICATION. Scientifi c, technical, or historical information from NASA programs, projects, and missions, often concerned with subjects having substantial public interest.
• TECHNICAL TRANSLATION. Englishlanguage translations of foreign scientifi c and technical material pertinent to NASA's mission.
Specialized services also include creating custom thesauri, building customized databases, organizing and publishing research results.
For more information about the NASA STI program, see the following: 1) . The VSPT will have the ability to operate over a large (e.g., 50 percent) shaft-speed range, which enables required main-rotor speed variation of the notional Large Civil Tiltrotor (LCTR) concept. The LCTR could help relieve airport congestion and increase airspace through-put capacity by utilizing its VTOL and Mach 0.5 cruise capability (Refs. 2 and 3). In order to optimize the propulsive efficiency, the main rotors of the LCTR must vary from 100 percent speed at takeoff to 54 percent speed at cruise. The key aerodynamic challenges of the VSPT, due to this speed change, include achieving high turbine efficiency at high work factors, managing the loss levels over a large (40° to 60°) incidence variation, and operating at low cruise Reynolds numbers at which transitional flow will become a factor. Little data exist in the open literature that examines the effects of a large incidence or Reynolds number variation.
A recent study was conducted on a VSPT blade geometry in NASA's Transonic Turbine Blade Cascade Facility over a 66.8° incidence range covering an order of magnitude variation of Reynolds numbers ranging from 2.12×10 5 to 2.12×10 6 (Ref. 4) . That test was conducted at low inlet turbulence (Tu = 0.24 to 0.4 percent) in order to admit transitional flow on the blade surface since facility limitations did not allow the Reynolds number to be reduced directly to LCTR applicable values. The results of that study showed a significant effect of strong secondary flows associated with high aerodynamic loading levels at the large positive incidence angles. The secondary flows weakened with decreasing aerodynamic loading at negative incidence conditions and the flow became substantially more two-dimensional. At this low inlet Tu, the measured blade loadings reflected transitional flow on the suction surface. Inverted (negative) portions of the pressure loading distributions reflected negative flow turning at the higher negative incidence angles. Separation was also noted on the pressure surface at extreme negative incidence angles (Ref. 4) .
The focus of this current study is to document the aerodynamic effects of a large range of incidence and Reynolds number variation at engine realistic turbulence levels. An upstream blowing turbulence grid was installed. In addition to producing turbulence, the grid configuration reset and significantly (50 percent) reduced the endwall boundary layer thickness entering the blade cascade. The reduction in inlet boundary-layer thickness had an influence on the aerodynamic blockage levels and total-pressure distribution in the cascade.
The comprehensive database and associated VSPT blade-section geometry is to be made publicly available. The wide incidence range and turbulence intensity range of the test matrix make the dataset of much value for LPT-relevant computational model assessment (e.g., see the recent study by Ameri et al. (Refs. 5 and 6) ).
Test Facility, Turbulence Grid, and Blade Description Facility
This study of a two-dimensional VSPT blade section was conducted in the NASA Glenn Research Center (GRC) Transonic Turbine Blade Cascade Facility shown in Figure 1 . This facility has been used in several turbine aerodynamic and heat transfer studies, (Refs. 7 to 10) including the assessment of the VSPT blade at low inlet Tu. The operating envelope shown in Figure 2 demonstrates the large independent range of engine relevant Reynolds and Mach numbers within facility capability. Inlet air is supplied by GRC's 40 psig Combustion Air system. This clean, dry, ambient temperature air enters the facility at a maximum inlet pressure of 14.7 psia under current safety restrictions. This restriction is represented as a red dashed line in Figure 2 . The air passes through a series of flow conditioning and contraction sections and is directed into the cascade test section. The air is then discharged into an exhaust header at 2 psia. Valves between the test section and the exhaust header are independently adjusted to give the desired Reynolds and Mach numbers. The cascade test section, illustrated in Figure 1 , is made up of nominally 10 blade passages. The blades are mounted on a rotating disk that can set the inlet flow angles (from axial) in the range of −17°  β 1  +78.8°. Measurements were acquired at the 10 incidence angles listed in Table 1 . Additional detailed measurements were obtained at two angles representing takeoff (i = +5.8°) and cruise (i = −36.7°) flight mission points. Unique upper flow board extensions with respective blade suction-side profiling were installed, replacing the first blade, for five incidence angles in the range of −16.1°  i  −51.0°. These extensions ensured that the flow was properly directed into the first blade passage, the upper and lower flow boards were horizontal, and their hinged leading edges were maintained in the same plane normal to the inlet flow.
Midspan total-pressure and exit angle data were acquired for each incidence angle tested at five nominal flow conditions. These conditions are represented as the pink triangles in Figure 2 and are listed in Table 2 . The design pressure ratio was 1.412, which corresponds to an isentropic exit Mach number of 0.72. A baseline flow condition was achieved by finding the lowest exit Reynolds number at which the tunnel could consistently maintain the design exit Mach number. This baseline Reynolds number, Re b , was found to be 0.53×10 6 . The Reynolds number was increased to 1.06×10 6 and 2.12×10 6 to examine the effects of higher Reynolds numbers. To reduce Reynolds number to 2.12×10 5 so as to enable an order-ofmagnitude variation of Reynolds number within facility capability, the exit Mach number had to be reduced to M 2,i = 0.35. At this exit Mach number, data were acquired at Re b and at 2.12×10 5 which allowed the Mach number effects to be isolated at Re b . Inlet boundary-layer measurements were made at -0.415 C x for i = +5.8° and i = -36.7°; and over the current range of exit Reynolds numbers. The inlet boundary layer measurements indicated that  99,1 correlated to the inlet Reynolds number only. A boundary-layer thickness correlation was developed of the form  99,1  Re Cx,1 -1/7 as appropriate for turbulent flow. The inlet boundary layer thickness ranges listed in Table 2 were calculated from the correlation for all 10 incidence angles over the corresponding inlet Reynolds number ranges. It is also important to note that the boundary layer thicknesses decreased by a factor of two for these high Tu tests. Even though the boundary layer is reduced upon grid installation, the endwall boundary layers still cover 20 to 30 percent of the blade span.
Turbulence Grid Description
The focus of this study was to examine the effects of turbulence intensity over a large range of Reynolds number and incidence. To generate turbulence, an upstream blowing turbulence grid was installed roughly five-axial chords upstream of the center of the blade row leading edge. The grid, seen in Figure 1 , was made of 1 in. square tubes. A vertical tube spanned the upper and lower inlet board at midspan. Depending on the incidence angle and the distance between the upper and lower inlet boards, the grid consisted of five or six horizontal 1 in. square tubes located on 6 in. centers. Air entered the grid through both ends of the horizontal tubes and exited upstream through 1/8 in. diameter holes. The holes were spaced uniformly on half inch centers and centered on their respective tube. It has been found that this type of grid with upstream blowing produced a more uniform mean and fluctuating flowfield compared to an unblown grid (Ref. 11). The optimum grid blowing ratio was established by surveying the inlet flow at Station 0 ( Fig. 3 ) while varying blowing flow rate until the best mean flow uniformity was achieved.
A constant temperature single-wire hotwire anemometer probe was used to acquire inlet turbulence intensity data. The hotwire was installed in Station 0, located approximately 0.415 C x upstream of the blades as shown in Figure 3 . The turbulence intensity was documented to be between 8 to 15 percent, depending on inlet flow angle and the resultant distance between the upstream grid and cascade inlet. 
Blade Description
The blade geometry is a scaled-up two-dimensional midspan section of a second-stage rotor of the 4-stage VSPT design (Ref. 13 ). Details of the blade and the design/optimization process used to establish the two-dimensional profile are documented elsewhere (Refs. 4 and 13). The blade geometry is shown in Figure 3 and details of the scaled (test) blade are described in Table 3 .
A computed design-point blade loading diagram is compared to the experimental data from the previous low Tu test and the current high Tu test in Figure 4 . The experimental data is taken at midspan for two Reynolds number conditions. The design calculation (Ref. 13 ) was carried out on a twodimensional cone assuming fully turbulent flow. It is noted that the high Tu data correspond very well with the design intent throughout the front portion of the blade; however the disparity between computed and measured pressure coefficients on in the aft portion of the blade, on pressure side and suction side, is evident. This may be attributed, in part, to differences in the reference exit-pressure of the pressure coefficients in computation and experiment. The disparity might also be associated with streamtube contraction in experiment due to the endwall blockage that is not present in the CFD. The low Tu data indicate a region of transition at x/C x = 0.85 which is influenced by the strong three-dimensionally and secondary flow fields in the low aspect ratio cascade ( Fig. 3 ).
Measurement Description
Total-pressure and exit flow angle data were obtained using a five-hole pitch-yaw probe installed in the Station 2 survey plane shown in Figure 3 . The survey plane is located approximately 7.0 percent axial-chord downstream of the blade trailing edge and covers three blade passages. The five-hole probe is a 45° forward-facing pyramid probe with the measurement port located on the shaft centerline. Midspan surveys were obtained for all 10 incidence angles consisting of 123 pitchwise points spaced non-uniformly over three blade passages. For incidence angles +5.8° (cruise) and −36.7° (takeoff), additional surveys were acquired at 12 spanwise immersions uniformly spaced from 0.042 ≤ z/H ≤ 0.50. For these surveys, each spanwise point consisted of 62 pitchwise points spaced uniformly across three blade passages. 
Cp s
Detailed probe descriptions and calibration methods were described in Giel et al. (Ref. 8) . The time response of the five-hole probe was measured to be 0.42 s. A 3 sec delay was imposed between the time the probe reached the desired survey location and the data recording initiation to ensure a 95 percent time recovery. During each survey, the probe was monitored to ensure it remained well within the angular calibration range of 40°. The overall estimated absolute uncertainty in flow angle was 1.5° and the overall estimated local uncertainty in total-pressure coefficient was 0.01 based on the analysis reported in Giel et al. (Ref. 8) .
The primary measurement blades 4, 5, and 6 were instrumented with static pressure taps at four spanwise locations. Blade 5 was fully instrumented on the pressure and suction surfaces with 44 taps located at 10, 15, 30, and 50 span. Blade 4 was instrumented with 20 redundant taps on the suction side and blade 6 had 16 redundant taps on the pressure side. The endwall was also fully instrumented with static taps located upstream and downstream of the blade row and within the blade passages.
The exit Mach number condition was set by the average of 12 exit static-pressure taps located approximately three axial-chords downstream of the blades and spanning nine blade pitches. The inlet static pressure was measured by five to six inlet static pressure taps located 2.95 in. upstream of the blade row at Station 0. Inlet total pressure and temperature were measured with two combination Kiel/totaltemperature probes located upstream at midspan in Station 0, just outside the passages measured by the downstream survey probe.
Results

Impact of the Turbulence Grid and Incidence on the Three-Dimensional Flowfield
Survey Data-Detailed flowfield surveys were acquired for the cruise (i = +5.8°, β 2 = 40.0°) and takeoff (i = -36.7°, β 2 = -2.5°) incidence angles at the baseline Reynolds number (Re b ) and nominal design exit Mach number (M 2 = 0.72). The current high Tu data were acquired with a five-hole probe over 12 pitchwise surveys at spanwise immersions between 0.042  z/H  0.50. For the previous low inlet Tu data, 14 additional spanwise points were acquired with a three-hole probe in the near-wall region between 0.0  z/H  0.043. Total pressure coefficient contours for the positive incidence, i = +5.8°, are shown in Figure 5 . At low inlet Tu ( Fig. 5(a) ), the blade is highly loaded producing strong secondary flows that transport the thick (e.g., 50 percent of the half-span) endwall flow to and along the suction side of the blade. A region of elevated Cp t in the wake at midspan reflects separation, transition, and reattachment at low Tu (also evident in Fig. 4 ). At the same highly loaded condition, but with the blown turbulence grid installed (high Tu), the impact of reduced inlet boundary layer thickness is evident in Figure 5 (b) in that far less low total pressure flow has accumulated on the blade suction-side; furthermore, the midspan wake loss levels are lower, reflecting that the flow in the high Tu environment remains attached (no suctionside separation, see Fig. 4 ).
At the high negative incidence condition ( Fig. 6 ), the blade loading is reduced and the flow becomes largely two-dimensional. As the strength of the secondary flow is reduced at the low load condition, transport of the boundary layer flow up the suction-side is reduced. The thick boundary layer of the low Tu ( Fig. 6(a) ) remains near the endwall.
All of the total-pressure contours for both inlet angles show good passage-to-passage periodicity. Note that the periodicity improved for the high Tu case. Figure 7 shows secondary flow vectors overlaid on the total-pressure contours ( Fig. 7(a) ), pitch angle contours ( Fig. 7(b) ), and yaw angle contours ( Fig. 7(c) ) at high inlet Tu for the positive incidence (i = +5.8°) condition over a single passage. Near the endwall (z/H = 0.04) there is evidence of strong overturning at the hub. The reduced inlet boundary layer of the high Tu configuration causes the secondary flow vectors to diminish as compared to the low Tu data shown in Figure 8 (a), with less evidence of the horseshoe and passage vortices. Since the flow is more two-dimensional for i = -36.7°, there is little variation as shown in Figure 9 . Pitchwise Integrations-Pitchwise integrations of the total-pressure, pitch angle, and yaw angle were calculated at each spanwise immersion for i = +5.8° ( Fig. 10 ) and i = −36.7° (Fig. 11 ). For each angle, the high Tu results are compared to the low Tu results. The area-averaged total-pressure coefficients for the high Tu data ( Fig. 10(a) and (b), green lines) show a reduction in total-pressure variation along most of the blade span. In Figure 10 (c) and (d), the maxima at z/H = 0.33 of the low Tu results reflects the core of the horseshoe vortex ( Fig. 8(a) ). With a thinner endwall boundary layer in the grid configuration (high Tu), the core of the horseshoe vortex, which rises over the transported endwall flow, adopts a lower spanwise position of z/H = 0.24 (also see Fig. 7(a) ).
Pitchwise integrations for i = −36.7° are shown in Figure 11 . The total-pressure coefficients ( Fig. 11(a) and (b)) at this incidence angle reflect the boundary layer that remains intact as it passes through the blade. As seen in Table 1 , the boundary layer is reduced in size by half for the high Tu data. Figure 11 (b) shows the differences in boundary layer thickness. The total pressure coefficient at midspan for the high Tu configuration is comparable to that of the low Tu, which will be shown to exhibit a suction-side laminar separation/transition/reattachment. Consistent with the contours shown in Figures 6  and 8 , the pitch and yaw angles ( Fig. 11(c) and (d) ) do not show any variation due to an increase in Tu.
Effect of Turbulence on the Blade Loading
While the exit flowfield is strongly influenced by the inlet boundary layer thickness, the midspan loading diagrams more directly reflect the impact of turbulence level on transition and separation/ reattachment. The effects of incidence and Reynolds number on the blade loading are show in Figure 12 for low Tu and Figure 13 for high Tu. All data were acquired at the nominal design exit Mach number except as noted, due to facility limitations. Each figure is arranged with the highest Reynolds number (4·Re b ) on the left and the baseline Reynolds number (Re b ) on the right. The angles presented cover the entire tested incidence range. At the highest positive incidence and the baseline Reynolds number (Re b ) condition, the low Tu flow exhibits suction-surface separation and reattachment at x/C x = 0.85. This is demonstrated as a neutral pressure gradient region, followed by an abrupt diffusion (Ref. 14) . The high Tu blade loading in Figure 13 (a) and (f) show that the flow is attached over the entire blade surface-results are comparable to the low Tu case at the higher 4·Re b flow condition. For both Tu cases, the positive incidence results in high blade loading. The three-dimensionality of the flow can be seen in the spanwise loading variations in Figure 12 (a) and (f). The magnitude of variations is reduced at high Tu and periodicity is improved. Note that for both Tu levels, small supersonic overspeed flow regions exist on the suction surface near the leading edge.
As seen in the total pressure coefficient contours of Figure 6 , as the incidence decreases the blade unloads and the flow becomes more two-dimensional. For both Tu cases, negative loading is measured on the front portion of the blade for i  -16.1°. At i = -36.7° pressure-side cove separation is observed at low Tu but the flow remains attached at high Tu. In fact, at high Tu, neither suction-side nor pressure-side separation were observed for any operating point within the full range of text-matrix incidence and Reynolds number. The effects of a thinner boundary layer and increased Tu reflect that the flow over the blade becomes two-dimensional very quickly with decreasing incidence. The only time the blade indicates signs of secondary flows (spanwise variation) is at the most positive incidence angle.
The effects of exit Mach number variation at fixed Reynolds number on blade loading was investigated. The results from the low Tu study showed that as the exit Mach number is reduced from the nominal M 2,i = 0.72 to M 2,i = 0.35, the loading increases and the location of minimum Cp s moves forward (Ref. 4). The same results were found when tested at high inlet Tu; therefore those results will not be presented here.
Midspan Exit Total-Pressure and Flow Angle Surveys
Midspan total-pressure and exit flow angle surveys were acquired for each incidence angle. Each survey consisted of 132 points concentrated in the wakes of three passages. The effects of Tu, Reynolds number, and Mach number variations on the wake profile are presented in Figures 14 to 18 . At the high positive incidence angle of i = +10.8° (Fig. 14) , it is noted that the wake width and depth increases with decreasing Reynolds number and Mach number. At a high positive incidence the blade row is highly loaded and the large suction side thickening is consistent with the separation (low Tu only) and high loading observed in the blade loading diagrams. For the high Tu case ( Fig. 14(b) ), there is minimal thickening of the suction-side boundary-layer/wake as compared to the same in the low inlet Tu case ( Fig. 14(a) ). It is noted that wakes are more periodic for the high Tu and thinner inlet boundary layer. Both Tu cases show that the exit flow angles are independent of Reynolds number and decrease as the Mach number is reduced. As the incidence angle decreases, the trends in the total-pressure and exit flow angles remain the same but the low Tu exhibits a larger suction side boundary-layer/wake thickening while the high Tu total pressure and exit flow angles vary only slightly with decreasing Reynolds number, see Figure 15 . As incidence decreases to a negative value ( Fig. 16(a) ), the high Tu wake is very similar to the i = -36.7° wake profile at low Tu (Fig. 17(a) ), which corresponds to the incidence with minimum loss at low Tu (Ref. 4) .
The highest negative incidence, i = -51.0°, is shown in Figure 18 . At low inlet Tu, the pressure side separation spans across a majority of the passage (Fig. 18(a) ). This massive separation is associated with aerodynamic blockage. The PS wake depth and width increase significantly with decreasing Reynolds number. The suction side wake width also increases slightly with decreasing Reynolds number. The exit flow angles show a significant decrease, near the average exit metal angle, compared to the previous incidence angles. The angles vary little with decreasing Reynolds and Mach number except at the highest Reynolds number condition (4·Re b ). In the previous study (Ref. 4) it was concluded that at this extreme negative incidence, as the Reynolds number decreases the PS induced wake thickens substantially causing an aerodynamic blockage that resets the aerodynamic throat upstream and effects increased turning resulting in an increased negative discharge angle. At the high inlet Tu (Fig. 18(b) ), the flow remains largely attached and a gross pressure-side separation is not seen. As the Reynolds number decreases, the wake thickness increases slightly on the pressure side. At the lowest Reynolds number (0.4·Re b ) the wake does indicate a pressure-side separation. The exit flow angles remain consistent and vary slightly with decreasing Reynolds number. The effects of incidence angle variation at the highest and lowest Reynolds number conditions for the low (a) and high (b) Tu cases are summarized in Figures 19 and 20 . The effects of an order of magnitude variation in Reynolds number are displayed across these figures. The three incidence angles represent the mission points; cruise (i = +5.8°), takeoff ( i = -36.7°), and maximum mission incidence (i = -46.0°). For the highest Reynolds number (4·Re b ) in Figure 19 for both low (a) and high (b) Tu, the positive incidence produces the highest overall loss and decreases with decreasing incidence. High Tu produces much lower loss than low Tu and varies little at the negative incidence angles. The largest variance between Tu levels occur at the low Reynolds number (0.4·Re b ) and Mach number (0.35) condition, shown in Figure 20 . At low Tu (Fig. 20(a) ) strong suction side separation is evident at the positive incidence angle. As the incidence decreases, the blade unloads (as observed in the blade loading diagrams) and the losses decrease. At the high negative incidence (i = -46°) the losses increase due to an extensive pressure-side separation. At high Tu (Fig. 20(b) ) case the wake profile and loading indicate the flow remains attached and the losses decrease. The losses are similar to the high Reynolds number, where the loss is the highest at positive incidence and decreases with decreasing incidence. At the highest negative incidence angle there is evidence of a slight increase on the pressure side.
For all of the high Tu positive incidence cases, small regions of seemingly erroneous negative Cp t values were observed on the PS sides of the wakes (Figs. 14(b) , 19(b), and 20(b)). These values were not observed for the corresponding low Tu cases; are consistent and repeatable; and are outside the uncertainty range of the measurements. Full mapping of the inlet total pressure field was performed for the i = +5.8° case and no sufficiently high local P t,1 values were found. Potential other explanations, including flow unsteadiness (grid shedding); differing responses to high turbulence for Kiel versus five-hole probes; and the impact of streamwise velocity gradients on the local turbulent kinetic energy (production/destruction), were considered, but no viable justification could be found. Consideration of this repeatable, and yet apparently anomalous, total-pressure gradient continues.
Loss Bucket and Flow Turning
For both Tu cases, area-averaged integrations of the total-pressure data were used to calculate the midspan profile loss coefficients, ω, for all 10 incidence angles and five flow conditions. The loss buckets (i.e., the midspan loss coefficients plotted as a function of incidence) for low and high Tu are provided in Figures 21(a) and (b) . The integrations were calculated separately over two complete passages, 4 and 5. At low Tu and extreme negative incidence angles, passage-to-passage variations are quite evident in the scatter of the loss levels ( Fig. 21(a) ). These variations are attributable to the sensitivity of transitional flow with separation. Periodicity is improved at high Tu, reducing scatter in the loss levels from passage to passage ( Fig. 21(b) ). The sensitivity of loss levels to Reynolds number at high Tu is greatly reduced and the losses collapse asymptotically to the high Reynolds number (turbulent) level. Loss levels remain nearly constant as the Mach number is varied from M 2,i = 0.72 to M 2,i = 0.35 at 1·Re b . It is interesting to note that the apparent pinch-point (invariance of loss with Re) at i = -36.7° of the low Tu data noted earlier (Ref. 4) , was exhibited in high Tu data, arguably to an even greater degree. The corrected midspan loss levels are plotted as a function of a corrected Reynolds number in Figures 22(a) and (b). The low Tu data strongly collapsed on the power-law ωRe -0.5 , (Fig. 22(a) ), indicative of a significant influence of laminar flow on the midspan loss levels. For the high Tu data ( Fig. 22(b) ), a strong collapse was achieved with ωRe -0.1 , indicating that, as expected, the midspan losses were dominantly influenced by turbulent flow.
As carried out in McVetta et al. (Ref. 4) , the high and low Tu midspan loss coefficients were re-plotted in terms of reduced loss and reduced incidence according to the Ainley-Mathieson (A-M) scaling (ω/ω s versus i/i s ) (Ref. 15 ) as shown in Figure 23 . The strong collapse found previously for low Tu data (Ref. 4) was repeated, as expected, for the high Tu data. It is noted that, if A-M scaling is applied about i opt = -26°, as shown in Figure 24 , then not only do the data collapse strongly on the A-M scaling, but the A-M loss correlation (Ref. 15 ) was found to hold. With respect to this new reference zero incidence and associated loss level, the A-M correlation might be used to extrapolate negative incidence angles out to a range of angles that is far beyond the range of the present experiment.
The midspan deviation angle from the exit metal angle as a function of incidence and Reynolds number is shown in Figure 25 Tu) . At low Tu, the deviation angle asymptotically approaches Δβ 2 = 2° as the incidence decreases at the design exit Mach numbers and approaches Δβ 2 = 4° at the lower Mach condition. As the angle approaches the extreme negative incidence angle, where the aerodynamic blockage on the pressure side causes a more negative discharge angle, the deviation angle shifts significantly. At high Tu, the flow remains attached on the blade surface for the entire incidence range and the deviation angle asymptotically approaches 2°  Δβ 2  3° for all Reynolds numbers; differences (offset) between the baseline (0.72) and lower (0.35) exit Mach number conditions were again evident ( Fig. 25(b) ). 
Conclusions
A new set of aerodynamic performance data was obtained for VSPT blading at engine relevant (high Tu) inlet turbulence conditions. The dataset complements an earlier dataset acquired at low inlet turbulence levels as required to achieve mission-relevant transitional flow behavior within the Reynolds number capability of the experimental facility. The high Tu data were acquired over the same wide range of incidence angles and repeated the Mach/Reynolds number conditions of the earlier low Tu test matrix.
As in the earlier low Tu work, exit total-pressure and exit flow angles were examined to understand the strength and impact of secondary flow fields at the highly loaded design incidence (i = +5.8°) condition of LCTR cruise and at the low-load, high negative incidence (i = -36.7°) of LCTR takeoff. The turbulence grid of the high Tu entry effectively reduced by half the thickness of the turbulent endwall boundary layers at cascade inlet, leading to significantly less aerodynamic blockage in the test section.
Comparison of blade loading diagrams at the low Tu and high Tu conditions showed that the flow at the high Tu conditions remains attached on both SS and PS at all incidence, Reynolds number, and Mach number conditions. This is in strong contrast to the blade loading at low Tu which exhibited separation, transition, reattachment on both suction and pressure sides of the blade, depending on incidence angle. The pressure side cove separation, a key feature in the data at low Tu, was not evident in the high Tu data. Given that the lower mission-relevant Reynolds numbers were not achievable in the NASA turbine cascade test facility, it remains for separate work (Refs. 16 and 17) to assess transitional flow characteristics at combined high Tu and cruise-relevant Reynolds numbers.
Midspan loss levels at the highly loaded design incidence at high Tu were found to be slightly lower than at low Tu where the flow separated and reattached. The midspan loss at high Tu was found to be higher than at low Tu at lower load conditions at which the low Tu flow did not separate on the pressure or suction sides. Spanwise profiles of loss indicated minimum turning was achieved at the spanwise location at which the pressure-side leg of the horseshoe vortex exited the blade row. This position change in the two entries (low and high Tu) was attributable to the magnitude of the incoming turbulent endwall boundary-layer with and without the grid in place and the subsequent impact on the amount of low-momentum flow (aerodynamic blockage) at the hub/suction-side corner.
Midspan profile loss buckets at high Tu collapsed strongly on a turbulent power-law scaling (  Re -0.1 ) reflective of turbulent flow conditions. As in previous low Tu work, Ainley Mathieson scaling illustrated strong data collapse. Unlike at low Tu, the collapse was found to be independent of Reynolds number and, given proper selection of reference incidence, in strong agreement with the Ainley-Mathieson profile loss versus incidence correlation.
